The surface structure of a catalyst is important because this structure dictates the activity, selectivity, and mechanism of catalytic reactions occurring on the surface. The binding strength of reactive intermediates to a catalyst surface is dependent on the surface structure and can be correlated to the coordination number of the surface atoms,^[@ref1],[@ref2]^ where atoms with a lower coordination bind adsorbates more strongly. Assuming a reaction that follows a Brønsted--Evans--Polyani (BEP) relation, where the activation energy for an elementary step correlates with the change in free energy of that step,^[@ref3],[@ref4]^ the activation barriers between reactive intermediates will also be dependent on the surface structure. Evidence of surface structure dependence is well known in electrocatalysis,^[@ref5]^ including for ammonia oxidation,^[@ref6]^ oxygen reduction,^[@ref7],[@ref8]^ carbon dioxide reduction,^[@ref9],[@ref10]^ ketone reduction,^[@ref11]^ and methanol oxidation.^[@ref12]^ Understanding this surface structure dependence is therefore important for designing highly active and selective catalysts.

In studies of structural dependence in electrocatalysis, it is often assumed that the nominal surface does not change during catalysis. However, as the adsorption of spectator and reactive species alters the surface energy of a catalyst surface, and therefore its stability, the surface structure of a catalyst can change under reaction conditions. In the electrochemical environment, cycling the potential, which exposes the catalyst cyclically to oxidizing and reducing conditions, is known to have significant effects on the surface structure. For example, for nanoparticle (NP) Pt, dissolution/deposition and oxide formation/reduction result in Ostwald ripening^[@ref13]^ and shape changes, where the NP shape depends on cycling conditions. Square-wave cycling of Pt NPs to potentials below 0 V~RHE~ results in the formation of tetrahexahedral NPs expressing a high fraction of (100) sites,^[@ref14]^ in part because the 100 surface is most stable at low potentials in an aqueous electrolyte due to its strong binding of hydrogen.^[@ref15]^ The cathodic corrosion of Pt at negative potentials similarly leads to an increase in the exposure of 100 sites.^[@ref16]^ On a Pt(111) single-crystal surface, cycling the electrode potential results in the growth of islands exposing a large fraction of (110) step sites,^[@ref17],[@ref18]^ where the 110 step sites have the lowest surface energy at potentials where the surface oxide formed at high potentials is reduced due to the strong binding of OH and H~2~O to this surface.^[@ref15]^ This surface restructuring has a direct effect on the electrocatalytic activity.^[@ref19]^ Each of these structural changes results in a change to the cyclic voltammogram measured on the platinum electrode, as the adsorption of species that correspond to the voltammetric peaks is surface-structure-sensitive.^[@ref20]^

The (in situ) experimental confirmation of possible structural changes of platinum electrodes typically relies on measuring the blank voltammetry of the electrode in the "hydrogen region".^[@ref5],[@ref21],[@ref22]^ Whereas there is a good general understanding of how changes in the hydrogen region relate to structural changes on the surface, the so-called "third hydrogen peak" in cyclic voltammograms measured on platinum electrodes has eluded a detailed explanation.^[@ref20],[@ref23],[@ref24]^ This peak in current appears near 0.22 V~RHE~, between peaks corresponding to the exchange of adsorbed hydrogen with hydroxide and water on (110) and on (100) step sites (hence the name "third-peak"), in cyclic voltammograms measured on polycrystalline or single-crystalline platinum electrodes after these electrodes are held at high potential (above ∼1.3 V~RHE~)^[@ref23]−[@ref28]^ or low potential (below 0.17 V~RHE~).^[@ref23]−[@ref25],[@ref29]^ It has been suggested to be due to the formation of a unique surface or subsurface binding site by oxygen (hydrogen) adsorption at high (low) potentials that is then filled by hydrogen at low potentials,^[@ref24],[@ref26],[@ref28]^ or formed at low potentials by the absorption/desorption of subsurface atomic hydrogen^[@ref30],[@ref31]^ or subsurface molecular hydrogen.^[@ref27]^ Work performed with single-crystal electrodes has shown that the third peak is exclusively related to the presence of (110) step sites, (110) terraces, or (110)-(2 × 1) domains.^[@ref23],[@ref24],[@ref32]^ In situ infrared spectroscopy has provided evidence of the presence of surface-adsorbed hydrogen but not of subsurface hydrogen.^[@ref23]^

In this Letter, we use density functional theory (DFT) to explain the appearance of the "third peak" after holding the platinum electrode at negative potentials to be due to a change in the surface structure of the platinum electrode. Specifically, the high coverage of hydrogen present at low potentials promotes a particular type of roughening of the (110)-type step edge. We find the strong binding of hydrogen makes the roughening process thermodynamically favorable at potentials below that of the third peak. Furthermore, we find that a high coverage of adsorbed hydrogen makes the roughening process kinetically feasible, lowering the activation energy considerably compared with that calculated for low hydrogen coverage.

This step-edge roughening is important because it affects how the structure-sensitive catalyst behavior is interpreted and illustrates that step sites, which are frequently a source of high catalytic activity, exhibit a structure under reaction conditions that is different from that of the pristine step edge. Active Pt step sites will be reconstructed under reducing conditions in both the gas phase and electrochemical environments, such as during hydrogen evolution or organic reduction/hydrogenation reactions, meaning that this high activity may actually be due to these reconstructed sites. This change in structure, and how it may positively or negatively affect the activity/selectivity, cannot be neglected during catalyst design. Furthermore, because the driving force derives from a difference in the adsorbate binding strength between (100) and (110) step types, other adsorbates may similarly drive other metal step edges to roughen.

*Surface Energy of Stepped Pt Surfaces at Low Potentials*. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the surface energy of Pt(553) and Pt(533) at low potentials in the presence of an increasing coverage of adsorbed hydrogen. The Pt(553) and Pt(533) surface are composed of (110)- (synonymous with (111)-type steps; the difference in nomenclature refers to whether the atom at the bottom of the step-edge is considered to be a part of the step or a part of the terrace) and (100)-type steps, respectively, and (111)-like terraces. In the electrochemical environment, prior work has shown that the adsorption of hydrogen on the step edges of Pt occurs with an exchange of adsorbed hydroxide and water; considering this exchange with DFT yields step-associated peak potentials that match the experiment for both (110) and (100) steps.^[@ref33]−[@ref35]^ We neglect hydroxide and water adsorption here and examine only hydrogen adsorption to both the step and terrace sites because hydroxide and water adsorption are not expected to play a role at the potentials where the step-edge roughening occurs. We also neglect the (bi)sulfate adsorption on the (111) terraces (important for the comparison to the experiment in a sulfuric acid electrolyte) because it occurs at potentials (0.35 to 0.5 V~RHE~)^[@ref36]^ positive of that where the third peak appears (0.22 V~RHE~).

![Surface energy of the pristine and roughened (denoted "SER") (a) Pt(553) and (b) Pt(533) in the absence (dashed lines) and presence (solid lines) of H\*. Each change in slope indicates a change in hydrogen coverage. (c) Step-edge roughening process, where 1/3 of the step atoms are moved along the step edge. This creates a corner/apex site and step sites of the opposite type (110 → 100 and 100 → 110). This process is favorable in the presence of adsorbed hydrogen for Pt(553) (where the 110 sites are converted to 100 sites) but is unfavorable for Pt(533), even in the presence of H\*.](jz9b02544_0001){#fig1}

As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, in the absence of hydroxide and water adsorption, both Pt(553) and Pt(533) are bare at high potentials (above ∼0.6 V~RHE~). As the potential is decreased, hydrogen adsorption first becomes favorable on the (110) and (100) step edges (predicted to be at 0.46 V~RHE~ on Pt(553) and 0.56 V~RHE~ on Pt(533), although the inclusion of hydroxide adsorption will shift these potentials to somewhat lower values^[@ref33]^) because the platinum atoms at the step edge have a lower coordination number than those at the terrace and therefore bind adsorbates strongly. Adsorption is stronger on the (100) step of Pt(533) than on the (110) step of Pt(553). The adsorption of hydrogen at both step edges is relatively independent of coverage,^[@ref33]^ and the steps become fully occupied with hydrogen close to the onset potential for hydrogen adsorption. As the potential further decreases, hydrogen begins to adsorb on the terrace sites. The hydrogen adsorption on the terrace is strongly dependent on coverage, with repulsive interactions between neighboring hydrogen adatoms.^[@ref37]^ As hydrogen adsorption becomes thermodynamically favorable, the surface energy decreases. As the hydrogen coverage increases, the dependence of the surface energy on the electrode potential becomes greater as a greater number of electrons are transferred per unit area.

Also shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} is the surface energy of Pt(553) and Pt(533) in the presence of adsorbed hydrogen, where the step edge has been roughened. A single degree of roughening has been examined, where 1/3 of the step-edge atoms are removed from the step edge and translated along the step edge to the minimum energy adsorption site. This roughening process creates a corner or "apex" site and step sites of the opposite type (converting 110 steps to 100 steps and vice versa) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). This apex site is not a kink, as a kink separates step sites of opposite types (110--kink--100), whereas this apex site separates those of the same type (100--apex--100). [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} illustrates that this process is unfavorable (the roughened step edge has a higher surface energy) in vacuum in the absence of adsorbed hydrogen because forming the under-coordinated corner/apex sites requires breaking strong Pt--Pt bonds. It should be noted that all steps exhibit a small degree of roughening at finite temperatures, driven by changes in configurational entropy.

As the potential is lowered, the adsorption of hydrogen onto the roughened step edges becomes favorable compared with the adsorption on straight step edges. For Pt(553), the potential at which hydrogen adsorbs onto the roughened step edge is more positive (indicating stronger adsorption) than that on the smooth, pristine step edge. This is due to the roughening process producing (1) an apex/corner site composed of a platinum atom with a much lower coordination than those in the pristine step edge, resulting in a stronger binding of adsorbates, and (2) sites that have a structure similar to (100) step sites, which show stronger binding of H\* than (110) step sites. These two factors lead to the roughened Pt(553) step binding hydrogen more strongly than the pristine Pt(553) step. Adsorption on the roughened Pt(533) step is less favorable (less positive onset potential) because on this surface (110) adsorption sites are produced upon roughening, having weaker H\* binding than the original (100) sites.

Below a critical potential of 0.20 V~RHE~, the roughened (110) step edge of Pt(553) becomes more stable than the pristine step edge. Ignoring kinetic considerations, this represents the equilibrium potential where a (110) step edge will roughen. For the Pt(533) surface, the roughened step edge is never more stable under any of the hydrogen coverages and potentials considered here. Because hydrogen binds more strongly on (100) step sites than on (110) step sites ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), the roughening process on Pt(553) is favorable in the presence of hydrogen because weak binding 110 sites are converted to stronger binding 100 sites, and the roughening process is unfavorable for Pt(533) because the strong binding 100 sites are converted to weak binding 110 sites. Even the strong binding on the under-coordinated apex site does not outweigh the weaker binding on the new (110) step edge sites created upon roughening of the step on Pt(533).

This calculated critical potential (0.20 V~RHE~) corresponds well with the experimentally measured location of the third peak (0.17 V~RHE~, taken as the average of the positive and negative going scans^[@ref23]^), where for potentials more positive of this potential the step edge is pristine, and below this potential, the step edge roughens. The adsorption of hydroxide and water along the step edge, especially on the roughened step edge, could alter the calculated critical potential. Additionally, experimental work examining the appearance of the third peak on Pt single-crystal electrodes confirms the step-type dependence we have identified here, where the third peak appears only on surfaces containing (110) steps and does not appear after the same treatment procedure (holding at a low potential) on surfaces containing (100) steps.^[@ref23],[@ref24]^ Hydrogen-induced step-edge roughening is also thermodynamically favorable on the 1 × 2 reconstructed Pt(110) surface, which also contains 110 steps ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b02544/suppl_file/jz9b02544_si_001.pdf)). We leave the more detailed investigation of this roughening process on the Pt(110) surface and the investigation of the roughening of stepped surfaces with (110) terraces as future work because their complex surface structure leads to a greater possible combination of atom movements, which would result in a similar roughening phenomenon.

The exact potential where the roughened step edge becomes more stable than the pristine step edge, as calculated with DFT, depends to some extent on the exchange-correlation functional chosen; a different functional may yield a potential further or closer to that measured experimentally. As a benchmark relative to the experiment, we have also calculated the adsorption potential of hydrogen at 1/9 ML on Pt(111) using the same functional, yielding 0.37 V~RHE~ (with configurational entropy, assuming no interactions, 0.43 V~RHE~), close to that measured experimentally, ∼0.3 V~RHE~.^[@ref38],[@ref39]^

Adsorbate-induced reconstruction is a well-studied phenomenon. (See Somorjai and Van Hove^[@ref40]^ for a thorough introduction and review.) This includes hydrogen-driven reconstructions, for example, on Cu(100), which has been studied in both the gas phase^[@ref41],[@ref42]^ and electrochemical environments^[@ref43],[@ref44]^ as well as with DFT.^[@ref45]^ The reconstruction we have defined here, however, is a specific step reconstruction under electrochemical conditions, where (110)-type sites are converted into a "corner" site and (100)-type sites, which has not been previously reported (to our knowledge). Tao et al. and Zhu et al. found a similarly shaped but significantly larger and more complex Pt step reconstruction, driven by the adsorption of strong-binding CO.^[@ref46],[@ref47]^ Additionally, it is the first time a specific reconstruction has been investigated as a cause of the third peak observed in platinum voltammograms. As DFT shows that this process is driven by the stronger binding of hydrogen to (100) sites than (110) sites, this work provides chemical insight into this reconstruction process, suggesting that any adsorbate that shows the same binding preference could drive a similar reconstruction.

Having shown that the hydrogen-induced roughening of (110)-type step edges is thermodynamically favorable, we use DFT to determine if the roughening process is kinetically favorable. There are two main paths for the roughening process: (1) one Pt atom translates across the step edge and (2) a "concerted" mechanism where two neighboring Pt atoms translate together, where the second atom is to fill the hole created by the first. Only results for the concerted mechanism are shown. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows a reaction energy diagram for the roughening process at various hydrogen coverages for the chosen model of the step-edge roughening drawn in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. In the absence of hydrogen (in vacuum), the roughening process is thermodynamically unfavorable with a high kinetic barrier; the activation energy is 1.75 eV. The rate of this process at room temperature would be exceedingly slow. Activation energies for typical electrocatalytic reactions at room temperature are between 0.2 and 1.4 eV.^[@ref48]−[@ref51]^ With the step edge fully occupied by hydrogen, the reaction energy decreases, although the activation energy is still large at 1.71 eV. However, as the hydrogen coverage is further increased, the reaction energy becomes negative (thermodynamically favorable), and the activation energy significantly decreases (becoming kinetically favorable). At the highest hydrogen coverage examined, the activation energy is 0.93 eV. A reaction with this activation energy would yield a measurable rate at room temperature (measurable on the time scale of common cyclic voltammetric scan rates on the order of 0.05 V/s) and is comparable to that experimentally measured for CO oxidation on platinum surfaces (with a barrier of 0.9 to 1.4 eV).^[@ref49],[@ref51]^ Animations illustrating the reaction paths and images of the initial, transition, and final states ([Figures S2--S5](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b02544/suppl_file/jz9b02544_si_001.pdf)) are given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b02544/suppl_file/jz9b02544_si_002.zip).

![Reaction energy diagram for step-edge roughening of Pt(553). Activation barriers (Δ*E*^TS^) and reaction energies (Δ*E*) are calculated in the absence of hydrogen (red), in the presence of a low hydrogen coverage (orange, 0.42 ML H\*), and in the presence of two high hydrogen coverages (yellow, 1.08 ML H\*; green, 1.17 ML H\*). Each reaction path is referenced to the Pt(553) surface at the indicated hydrogen coverage for clarity. At the highest hydrogen coverage examined (1.17 ML), the reaction energy is −0.41 eV and the activation energy is 0.93 eV.](jz9b02544_0002){#fig2}

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} illustrates that the presence of a high coverage of adsorbed hydrogen can lower the barrier for platinum step-edge roughening by \>0.8 eV (resulting in an increase in the rate by a factor of 8.5 × 10^13^ relative to that in the absence of hydrogen). Previous work by Besenbacher et al. has shown that a single hydrogen adatom can lower the activation energy for platinum adatom diffusion by 0.09 eV.^[@ref52]^ Zhu et al. have observed increases in the noise level in high-pressure scanning tunneling microscopy (STM) images with increasing hydrogen pressure believed to be due to increased step and kink atom mobility (with increasing hydrogen pressure).^[@ref53]^ The reduction in activation energy follows a BEP relation for the roughening process; as the hydrogen coverage increases, the reaction energy becomes more negative, resulting in a decrease in the activation energy. Such a relation can be explained considering bond-order conservation, where increased bonding to hydrogen adatoms (by platinum step-edge atoms) results in weaker bonding with the rest of the platinum surface.

We would like to point out that other mechanisms for the roughening process could exist, including those involving the simultaneous adsorption/desorption of hydrogen with the roughening/deroughening of the step edge. The reaction paths we have examined here represent a possible mechanism that yields, at least in the presence of a high coverage of hydrogen, an activation barrier that is surmountable (resulting in a measurable rate of reaction at room temperature). More favorable reaction paths would yield lower barriers and therefore higher reaction rates.

*Comparison with Experiment*. The anomalous "third peak" appears at a potential of 0.22 V~RHE~ in the positive going scan of cyclic voltammograms at a scan rate of 0.05 V/s.^[@ref23]^ The cathodic portion of this peak appears near 0.125 V~RHE~ at the same scan rate and is difficult to see because it is lumped in with the peak corresponding to the exchange of hydroxide and water with hydrogen on the (110) step.^[@ref23]^ This significant peak splitting suggests that the process that produces the third peak is kinetically slow.^[@ref23],[@ref29]^ The thermodynamics calculated here for the step-edge roughening process indicate that it becomes favorable at a potential of 0.2 V~RHE~ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), matching well with the experimentally measured location, taken as an average of the location of the peak in the positive and negative going scans (0.17 V~RHE~). Furthermore, the large DFT calculated barrier (0.93 eV) is consistent with a kinetically slow reaction, on the time scale of a 0.05 V/s scan rate. However, a detailed comparison of our DFT kinetics to experiment requires temperature-dependent studies, so that the activation energy for step-edge roughening can be explicitly measured.

After a single, or a few, cycle(s) positive of the potential where the third peak appears, the peak disappears and does not return unless the potential is held below 0.17 V~RHE~.^[@ref23]^ This implies that the process that causes the third peak is structurally reversible, consistent with the step-edge roughening examined here, which occurs with only a small number of step-edge atoms diffusing a short distance along the step edge. As mentioned, the third peak is present only on electrodes containing (110) steps,^[@ref23],[@ref24]^ matching our finding that this step-edge roughening process is not favorable (at least with H\*) on (100)-type step edges. Lastly, the ratio of the charge lost in the step-associated peak (upon the appearance of the third peak) to that gained in the third peak measured experimentally (1:2)^[@ref23],[@ref29]^ matches the degree of step-edge roughening we have examined here, where the movement of one step atom creates two new step sites (which contribute to the third peak).

We therefore believe that the roughening of (110) step edges explains the appearance of the third peak; the deroughening of the step edge coincident with the desorption of hydrogen adsorbed on the roughened sites is responsible for the anodic portion of the "third peak". This explanation is consistent with the peak being lost after a single cycle through this potential region, as the step relaxes back to the straight, pristine step edge. Furthermore, we can additionally rule out any reconstruction processes that would alter the step density, such as step doubling, because this does not result in the appearance of an additional peak and would only alter the ratio of step to terrace sites.^[@ref54]^

We note that both anodic (holding at high potentials, \>1 V~RHE~) and cathodic (holding at low potentials) treatments can lead to the appearance of the same third peak, but it takes more than one cycle to potentials positive of where the third peak occurs to remove this peak after the anodic treatment. We can hypothesize that a similar process (step roughening) occurs under anodic conditions but to a greater extent (greater degree of roughening). This anodic treatment, however, is more complex and leads to more extensive surface roughening, including of terraces, resulting in island formation.^[@ref17]^ Therefore, we limit the discussion here to the effects of the cathodic treatment and roughening of the step induced by adsorbed hydrogen.

Because we find the third peak to be due to step-edge roughening caused by the adsorption of hydrogen (from protons in solution), we might expect similar roughening to occur upon the adsorption of hydrogen from the gas phase. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the first cyclic voltammograms measured on Pt(110) and Pt(553) after postannealing cooling in a hydrogen-containing atmosphere. The third peak is clearly present ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b), indicating that the step edge was roughened by hydrogen present in the annealing/cooling atmosphere and matches that seen on Pt(110) and Pt(553) after holding at low potentials (−0.2 V~RHE~, Pt(110); −0.3 V~RHE~, Pt(553)) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c,d).

![Cyclic voltammograms measured on (a,c) Pt(110) and (b,d) Pt(553) showing the first (red) and second cycles (black) after annealing and cooling in a H~2~ + Ar atmosphere (a,b), after holding at −0.2 V~RHE~ for 60 s (c), and after holding at −0.3 V~RHE~ for 120 s (d). The 1st voltammogram after annealing and cooling clearly shows the third peak, indicating that the step edge was roughened in the hydrogen-containing cooling atmosphere.](jz9b02544_0003){#fig3}

This step reconstruction/roughening process warrants further investigation, especially with in situ imaging techniques, such as electrochemical scanning tunneling microscopy (EC-STM), to see if the structure of the step can be visualized under reaction conditions. We expect such a measurement to be difficult, however, because the relatively small structure formed upon roughening (with one atom translating along the step edge to produce the "corner" site) requires imaging with atomic resolution in the electrochemical environment. Wei et al. imaged Pt(332) and Pt(997) (stepped platinum electrodes with (110)-type steps) in the electrochemical environment with EC-STM at 0.1 V~RHE~ (where we would expect this roughening process to be slow but favorable) and observed a high density of kink sites and commented that under the high coverage of hydrogen, high-resolution STM imaging revealed only poorly defined step-edge structures.^[@ref55]^ This is in contrast with STM images taken at the same potential but in the presence of strongly adsorbed CO, where straight, defect-free step edges were clearly seen.^[@ref55]^ Even in the gas-phase (nonelectrochemical) environment, high-resolution STM by Zhu et al. on Pt(557) in the presence of 100 mTorr and 1 Torr of H~2~ yields images that show "frizzy" and blurred steps (respectively), presumably due to increased step and kink atom mobility in the presence of high coverages of adsorbed hydrogen and increased noise from rapid hydrogen adsorption and desorption.^[@ref53]^

This roughening process changes the structure of the step edge, which has significant implications in surface science and catalysis. Because the roughening is favorable under a high coverage of adsorbed hydrogen, any catalytic reaction carried out under reducing conditions in the gas phase, liquid phase, or electrochemical environment on a platinum surface may be occurring on a surface with roughened (110) step edges. This affects how we interpret structure-dependent catalysis: If a surface with nominal (110) step edges exhibits a particular activity and selectivity for a given reaction, then we have to consider that the step geometry under the reaction conditions may not be that of the pristine (110) step edge. This is important for understanding how the structure impacts the kinetics and mechanism of the reaction and for the atomistic-scale modeling of the reaction. Furthermore, the roughened step edge may have a different stability than the pristine step edge, promoting additional changes to the surface structure. Reactions carried out under reducing conditions include organic reductions/hydrogenations and electrochemical hydrogen evolution. There exist many cases in prior literature where these reactions have been carried out on platinum surfaces that show the third peak (suggesting that the (110) step edges were roughened at low potentials), including during CO~2~ electroreduction,^[@ref56],[@ref57]^ acetone reduction,^[@ref58]^*m*-xylene reduction,^[@ref59]^*p*-dihydroxybenzene reduction,^[@ref60]^ hydroquinone reduction,^[@ref61]^ and hydrogen evolution.^[@ref62]^

*Subsurface Hydrogen*. The absorption of subsurface hydrogen (below the first atomic layer) on Pt(553) and Pt(110) in the absence and presence of varying coverages of surface-adsorbed hydrogen was also examined with DFT. The absorption of hydrogen into Pt(553) and Pt(110) is favorable only at very negative potentials, −0.34 and −0.72 V~RHE~, respectively. This rules out the involvement of subsurface hydrogen in the appearance of the third peak. Furthermore, achieving a similar hydrogen chemical potential in the gas phase (as would be necessary to produce the third peak seen in voltammograms measured after postannealing cooling in hydrogen if subsurface hydrogen were responsible) would require a hydrogen pressure of 10^12^ to 10^24^ atm.

The presence of surface-adsorbed hydrogen promotes the absorption of subsurface hydrogen on Pt(110) ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b02544/suppl_file/jz9b02544_si_001.pdf); by −0.46 eV in the presence of 2 ML H\* on Pt(110) 1 × 1); however, the adsorption of higher coverages of hydrogen on the surface (of both Pt(553) and Pt(110)) is always more favorable than subsurface absorption. Even in the presence of this high coverage of adsorbed hydrogen, the formation of subsurface hydrogen occurs at potentials well below where the third peak appears experimentally. Future work should use DFT to examine the subsurface hydrogen formation at lower concentrations and on defected Pt(110) surfaces as well as the roughened step edges on Pt(110) with fewer step atoms displaced per unit area (smaller degree of roughening).

In summary, holding a platinum electrode containing (110) step sites at low potentials (below 0.17 V~RHE~) results in the appearance of the anomalous "third peak" at 0.22 V~RHE~ in the cyclic voltammogram measured on the same electrode. The strong binding of hydrogen to Pt step sites and the stronger binding on (100) step sites relative to (110)-type step sites promotes a unique roughening of the (110) step at potentials near where the anomalous third peak occurs, where (110) step sites are converted to an under-coordinated "corner" site and (100) step sites. Higher coverages of hydrogen (adsorbed at lower potentials) make the roughening process kinetically favorable, lowering the activation energy by 0.8 eV relative to that at low coverage. We believe this step-edge roughening explains the appearance of the third peak, where the deroughening of the step edge coincident with hydrogen desorption results in the anodic portion of the peak. The absorption/desorption of subsurface hydrogen is ruled out as a cause of the third peak because it is significantly less thermodynamically favorable.

We additionally find experimental evidence supporting the notion that gas-phase hydrogen can similarly drive the step-edge roughening process (important because the thermodynamics are the same for 1 atm hydrogen gas and for 1 M protons at 0 V~RHE~ in the electrochemical environment). Cyclic voltammograms measured on Pt(110) and Pt(553) after annealing and cooling of the crystal in a hydrogen-containing atmosphere show the presence of the third peak.

Understanding the mechanism and driving forces for step-edge roughening is important for knowing the structure of the catalyst surface under reducing reaction conditions. This work suggests that active Pt (step) sites are reconstructed under reducing conditions in the gas-phase, aqueous, and electrochemical environments, including, for example, during hydrogen evolution or organic hydrogenation/reduction reactions, suggesting that the measured activity may be due to these reconstructed sites. Interpreting correlations between surface structure and activity therefore require the consideration of this roughening process. Highly active and selective catalysts can be designed only if the surface structure under reaction conditions is known. Furthermore, the surface structure and surface energy under reaction conditions determine the catalyst stability. Understanding step-edge thermodynamics and roughening gives insight into the long-term catalyst behavior. We expect any adsorbate that, like hydrogen on platinum, shows a difference in binding energy between (110)- and (100)-type step sites for a particular metal surface to provide a driving force for possible step roughening and surface reconstruction.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpclett.9b02544](http://pubs.acs.org/doi/abs/10.1021/acs.jpclett.9b02544).Detailed computational and experimental methods, thermodynamics of Pt(110) step-edge roughening, and images of initial, transition, and final states of the roughening process ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b02544/suppl_file/jz9b02544_si_001.pdf))Animations of the reaction paths for the roughening process ([ZIP](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b02544/suppl_file/jz9b02544_si_002.zip))
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